We have studied the dispersion of femtosecond pulses in a photonic crystal waveguide. We found that slow propagating pulses were asymmetrically broadened, due to higher order dispersion. With decreasing group velocity, the asymmetry increased.
Photonic crystals (PhCs) are promising materials for the miniaturization of integrated optics and for the enhancement of light-matter interactions [1] . The periodic modulation of the refractive index in a PhC has a large influence on the optical dispersion relation. Particularly interesting is the existence of a photonic bandgap: a range of optical frequencies that are forbidden to propagate in the material. If a waveguide is embedded in a PhC, the light cannot escape the waveguide through the PhC. In this way, a photonic bandgap can be exploited for the fabrication of integrated optical devices on the micron scale.
Photonic crystal waveguides (PhCWs) also exhibit interesting optical properties, since the propagation of light inside the waveguide is still influenced by the periodic nature of the surrounding crystal. An interesting feature in both bulk PhCs and PhCWs is, that light will propagate with a very low group velocity at some specific optical frequency [2, 3] . Hence, light-matter interaction is very strong and can be exploited for enhanced non-linear effects in PhCWs. The group velocity (dω/dk) is dependent on frequency [4] . This effect is quantified by the group velocity dispersion (GVD, d 2 k/dω 2 ). As a result, optical pulses will experience a broadening due to the GVD. In PhCWs, this effect occurs at much shorter propagation lengths, compared to conventional waveguides [5] .
Here, we monitored the pulse shape as it propagates through a PhCW, in order to analyze the dispersion of an optical pulse in the waveguide. We did this with phase-sensitive and time-resolved near-field microscopy, which allows the local investigation of propagating light, while the structure under investigation is not disturbed [6] .
The PhC sample used in the experiments (Fig. 1a) consisted of a hexagonal lattice of air holes (radius 102 nm, period a 339 nm) in a 250-nm-thick air-bridge membrane of GaAs. Pulsed laser light (~200 fs) was coupled into the waveguide (single row of defects), using a microscope objective. For our near-field measurements a tapered optical fiber (Fig. 1b) was kept in close proximity (~10 nm) to the surface by a shear-force feedback mechanism. In the The light from the fiber probe was mixed interferometrically with a reference pulse, (Fig. 1c) and only the interference was measured. Since the reference pulse traveled through the air, it experienced no dispersion. At a fixed probe position, the delay time of the reference pulse was varied, thus a field cross-correlate of the pulses was obtained. The cross-correlation of the dispersed pulse in the PhCW and the undispersed reference, yielded a qualitative measure for the pulse shape in the PhCW. Figure 2a -c shows pulse cross-correlation measurements at three different optical frequencies: ω=0.2664, ω=0.2635 and ω=0.2603 in units 2πc/a. At each frequency, the cross-correlate was measured at 6 equidistant positions on the waveguide, ranging from 10 μm ("A") to 116 μm ("F") from the incoupling. Using the measurements in Fig. 2a-c , we determined the group velocities of the pulses traveling though the PhCW. We found group velocities of 0.188(5)⋅c, 0.151(5)⋅c and 0.118(9)⋅c, with c being the speed of light in vacuum. In this way we found that the group velocity reduces as the optical frequency is reduced. Moreover, we observed a broadening of the interferograms as a function of propagation distance. Especially at ω=0.2603, we observed that the gradual broadening is very strong, and more importantly, we obtained asymmetric pulse shapes.
In order to determine the origin of the (asymmetric) broadening, we determined the values of the GVD and higher order terms. We find a GVD as high as 1.1(3)⋅10 6 ps 2 /km, which is 5 orders of magnitude higher than in conventional optical fibers. For the third order dispersion, the theoretical fits reproduced the asymmetric pulse shapes in our measurements and yielded values up to 1.1(4)⋅10 5 ps 3 /km. If the frequency is reduced further and the group velocity decreases as a consequence, also fourth and higher order dispersive terms play a role.
As we changed the optical frequency and in this way accessed slower propagating light, the dispersion of the pulses increases dramatically. The pulse shapes change from initially symmetric to broader and more asymmetric pulse envelopes as the group velocity decreases. Thus we demonstrate that higher order dispersive effects play an important role in the propagation of light in photonic crystal waveguides. These higher order dispersive effects can be detrimental to slow light applications and should be taken care of by proper dispersion engineering, by which method the disadvantage can be even turned into an advantage. a967_1.pdf QFC1.pdf
